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ABSTRACT

Formerly, carbonatites were thought to be results of the mantle's purging itself of "juvenile" carbon. However, evidence
has been accumulating that carbon from the crust is recycled deep into the mantle by subduction. This non-juvenile carbon
may nourish carbonatitic magmas. The process by which carbon in the mantle may eventually be incorporated ilrto carbonatite
in the crust is probably a circuitous one, involving transport in a variety of phases before accumulation in diverse sources of
carbonatitic magna. With time, these sources have become more varied and more radiogenic. During its migration, carbonate
liquid acts as an efficient sequestering agent in the mantle, gathering a distinctive retinue of trace elements, especially Sr, Nb'
Sa, the ligbt rare-earth elements, Pb, Th, and U. Elements that are $trongly depleted in carbonatites are Si, A1, Mg, Cr, and Ni.
Partition ioefficients for carbonate liquid/minerals yreld calculated enrichments that do not agree witl those observed unless
there are repeated eprsodes ofinteraction between carbonate liquid and progressively emiched mantle. Carbonate-rich liquid can
only survive its upward passage if the rock through which it flows has already lost most of is capacity to react witl carbonate
liquid. Such "path clearing" requires the aborted ascent of precursor barches of carbonatitic magma l-Iltramafic xenoliths from
many localities have trace-element and isotopic enrichment and depletion pattems atfibuted to metasomatic reactions of
lithospheric mantle with carbonate-rich liquids. These carbonate-metasomatized xenoliths indicate repeated invasion of the
lithosphere by carbon-bearing liquids or fluids. This in turn implies that the rarity of carbonatitic magoa in the upper crust is
caused by barriers to its ascen! not by a shortage of source material.

Kewords: carbonatite, Iithospheric mantle, metasomatism, carbon cycle.

SovnuanB

On consid6rait couramment le magmatisme carbonatitique comme manifestation d'une purgation du marteau en carbone
"juv6ni1e". Toutefois, il devient de plus en plus dvident que le carbone d'origine crustale est recycl6 dans le manteau par

subduction. Ce carbone d'origine non juv6nile peut r6-apparaltre sous forme de magma carbonatitique. Ir cheminement du
carbone recycl6 en manifestation carbonatitique dans la cro0te serait de toute dvidence tortueux, impliquant un tranfert dans une
vari6t6 de phases mindrales avant I'incorporation dans un magma carbonatitique. Avec le temps, les sources sont devenues plus
vari6es et plus radiog6niques. Au cours de sa migration, le magma carbonat6 agit comme solvent important dans le manteau,
et accumule ainsi une suite distinctive d'6ldments traces, particulidrement Sr, Nb, Ba les terres rares l6gbres, Pb, Th et U-
Par contre, les 6l6ments Si, Al, Mg, Cr et Ni sont fortsment appauvris dans les carbonatites. l,es coefficients de part4ge entre
liquide carbonatitique et min6raux semblent pr6dire des enrichissements qui ne concordent pas avec les enrichissements
observ6s, d moins qu'il y ait eu des 6pisodes r6p,6t€s d'interaction entre liquide carbonatd et manteau progressivement enrichi.
Un liquide carbonatd ne pourrait subsister au cours de sa mont6e que si les roches le long des parois des filons nourriciers ont
perdu leur capacite de r6agir avec ce liquide. Une telle pr6paration des chenaux nourriciers implique la pr6sence de venues
prdcoces avort6es de magma carbonatitique. Des xdnolithes ultramafiques i plusieurs endroits timoignen! par un sch6ma
d'enrichissements et d'appauwissement en 6l6ments traces et en isotopes, de r6actions m6tasomatiques dans le manteau
lithosph6rique impliquant un liquide carbonatd. La m6tasomatose des x6nolithes indiquerait I'invasion r6p6t6e de la lithosphdre
par des venues de liquide ou de fluide contenant du carbone. La raretd de manifestations carbonatitiques dans la cro0te
supdrieure serait due surtoutaux entraves d lamobilitl du magma au cou$ de son ascension, plut6t qu'i une p6nurie de mat6riau
appropri6 d la source' 

(Traduit par la Redaction)

Mots-cl6s: carbonatite, manteau lithosph6rique, mdtasomatose, cycle du carbone.
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REcycl,n{c oF CARBON INTo rHE MavrE

Evidence for retum of carbon to the mantle from
the crust comes from very high-pressure (coesite- and
diamond-bearing) assemblages in metasedimentary
rocks, from experiments at pressures, temperatures,
and compositions appropriate to subducting carbonate-
bearing oceanic crust, and from mass-balance and
isotopic sonstraints. Schreyer (1995) and Harley &
Carswell (1995) reviewed the occurrences of very
high-pressure metasedimentary carbonate rocks,
exhumed from depths of 100 to 130 km. yaxley &
Green (1994) showed experimentally that calcite and
dolomite can survive in subducting oceanic crust as
refractory phases in eclogite, even in the presence of
silicate melt. Staudigel et al. (L989) calculated that
subduction of altered oceanic crust containing
carbonate veins is an efftcient way to return carbon to
the mantle. Varekamp et aI. (1,95D found thar gases
released at volcanic arcs have higher values of CPHe
than do those released along mid-ocean ridges, and
concluded that more that SAVo of CO, exhaled by arc
volcanoes was recycled from subducted crust.Thang &
Zlraidler (1993) used the ratio CFHe in gases released at
mid-ocean ridges to estimate the flux of carbon from
the mantle, and found that this rate could provide all
of the carbon in the Earth's atrnosphere, hydrosphere,
and crust in 3 b.y. Such rapid degassing suggests reflux
of carbon into the mantle. Their modeling indicates that
the total amount of carbon in the crust has decreased
since hecambrian time, a conclusion also reached bv
Koster van Groos (1988).

These independent lines of evidence show tlat a
substantial proportion of the carbon in carbonatites
could be recycled. A suggestion that'Juvenile" carbon
be incorporated in the definition of carbonatite (Barker
1989) is therefore unduly restrictive. The aim of this
paper is to examine the consequences of recycled, as
confrasted to juvenile, carbon for the generation and
distribution of carbonatites. After consideration of the
mantle phases that contain carbon, the compositions of
carbonate-rich liquids and their metasomatizing effects
are summarized, followed by distribution of
carbonatites through space and geological time, and
finally, the factors that inhibit the ascent of carbonatire
magmas and thus cause their rarity in the crust.

CansoN-BEAR[.Ic PHeses n{ THE MANTr-E

Experimental studies show that dolomite and
magnesite can be stable in the deep mantle @alton &
Wood 1993b, Biellmann et al. 1993. Fiedfen et al.
1993). Carbonate minerals, however, axe rare in ultra-
mafic mantle-derived xenoliths (Berg 1986, Smith
1979, 1987). Decompression during ascent probably
destroys carbonates in most xenoliths (Canil 1990),
but some relatively coarse-grained carbonates have
survived (Ionov et al. 1993). Carbon can also be

present in the mantle as the CO]- component in
magma; as COr, CO, and CHo components in a fluid
phase, as the solid phases graphite, diamond, and SiC
(Mathez et al. 1995), in intergranular films of
amorphous carbonaceous material, and in tetrahedral
sites of silicates and oxides. Wang et al. (1994)
provided a brief review of most of these altematives.

Phase relations in carbonate-bearing peridotite have
been investigated most recently by Green & Wallace
(1988), Falloon & Green (1989, 1990), Canil & Scarfe
(1990), WyThe et al. (1990), Ryabchikov et al. (1991),
Thibault et al. (1.992), Edgar (1993), and Sweeney
(1994). Dolomitic liquid coexists with peridotite at
20 to 50 kbar and 930 to 1200'C (Sweeney 1994). As
discussed by Ryabchikov et al. (1991)" the solidus for
apatite-bearing carbonated lherzolite + H2O is close to
the range of stable continental geotherms at 30 kbar.
Consequently, small yslumss of carbonate-rich melt
may form at many places and times in subcontinental
mantle. However, liquid dominated by carbonate
differs from silicate liquid in im.portant ways in
addition to composition. The essential component,
COr2-, does not exist at all times and places in the
source rock and may be formed by oxidation of
elemental carbon, carbon monoxide, or metfiane.
Generation of carbonate-rich liquid, in contrast to
silicate liquid, requires a range of oxygen fugacity that
may not everywhere be attained in the manfle (Dalton
& Wood 1995). Furthermoreo carbonate-rich liquid can
react with silicate wallrock in such a manner that tne
liquid decomposes by evolution of CO, as a component
of a fluid phase; see below, under 'Halting the rise of
carbonatite magma". As a result of these complexities,
recycled carbon between its subduction and its return
to the crust may go through several phases.

Colposmoxs oF CARBoNAmE

Table 1 compares tle average calciocarbonatite of
Woolley & Kempe (1989) with estimated compositions
of pyrolite mantle (McDonough & Sun 1995) and
continental crust (Wedepohl 1995). The relative
enrichments and depletions are given in tabular form,
rather than the familiar spidergrams, so that a more
complete list of elements can be presented without
assuming a parricular order of incompatibility. The
comparison is weakened by uncertainties in the
carbonatite average; for example, the estimates for Sm,
Eu, and Dy are based on only two analyses each.
Although dolomitic magma can be primary @ailey
1993a, Sweeney L994), the averages for magnesio-
carbonatite and ferrocarbonatite reported by Woolley
& Kempe (1989) are based on fewer analyses than for
calciocarbonatite, so the lafter were taken as represen-
tative of carbonate-rich melts. Furthermore, many
Mg- and Fe-rich carbonatites appear to be of
secondary, subsolidus, origin (Barker 1993).

Partition coefftcients for carbonate liquid yersrr the
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minerals encountered in peridotite have been experi-
mentally measured by Brenan & Watson (1991), Green
et al. (1,992), Ryabchikov et al. (1993),Sweeney et al.
(1992,1995), Jones et al. (1995), andKlemme et al.
(1995). Data on partition coefficients from experiments
at 15 to 55 kbar and 950 to 1250'C are summarized in
Table 2. Table 3 includes these results and atlempts to
fill out the data set for Rb in olivine and orthopyroxene,
Ba in olivine, and Ce in phlogopite, using mineraU
mineral partition coefficients for phases in equilibrium
with basaltic liquid and the equation Dtrbonate liquiil
mineral A = Dmineml B/mineml A ; pmbonate liquiilmineml B. The

mineraUmineral partition coefficients are all taken
from data in Green (1994) for internal consistency.
Bulk partition-coefficients were calculated for
carbonate liquid equilibrated with lherzolte containing
60Vo oiJvrne, 20Vo orthopyroxene, lQVo clinopyroxene,
'7 Vo garnet, 2/p amFhrbole, and l%o phlogopite, with the
assumption that all these phases persist in the solid
assemblage.

For Sr, Nb, Ba and Ce, the ooobserved" enrichments
(average carbonatite/pyrolite, Table 1) are at least
20 times those predicted fot 1.Vo melting in Table 3.
Because accessory phases were ignored in the calcu-
lations in Table 3, the bulk partition-coefficients for
therzolite/carbonate liquid are minimum values. and
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the predicted emichments are maxima. One single-
stage equilibration of average lherzolite with IVo
carbonate liquid will not produce the large
enrichments, and repeated fertilization of therzolite
through multiple encounters with carbonate fiquid is
needed.

Although carbonate liquid is efficient in scavenging
and sequestering some trace elements, it is eclectic, and
some carbonatites show little enrichment in these same

TABLE 3. CATCUI,ATED PARTMON-COEMCIENTS
FOR LIIERZOLITSCANBONATE LIQUID
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elements (for example, Nb is not enriched at Mountain
Pass, California or in many African and Canadiax
carbonatites: Bell & Dawson 1995, Paslick et al. 1995).
The large scat0er in isotopic ratios as well as in trace-
element concenfrations reflects the variation in sources
from which the carbonate-rich liquid drew its
components. Figure I, a ptot ofinitial 87SrF6Sr yerszs
ZMPbP@.Pb, relates carbonatites to the mantle-sowce
end members of zindler & Hafi (1986) and Han
(1988). These sources are best viewed as abstractions
that refer to conditions, rather than as discrete volumes
of mantle. Tilton & Bell (1994) showed rhar
carbonatites younger than 200 Ma fall in this plot in an
array between EM1 and HIMU end members, and
those carbonatites that are older than 2.0 Ga plot in a
tight cluster that indicates a much more depleted
source. Figwe I of this paper adds carbonatites of
intermediate ages, and shows trends of increasing
diversity and more highly radiogenic sources (with
respect to Sr and Pb) through time. Phalaborwa
(2060 Ma) and Fen (539 Ma) are strongly anomalous
data-points on this trend; they indicate that radiogenic
and depleted sources were locally available in Archean
and in Paleozoic time, respectively.

The compilation of data on which Figures I and 2
are based is an Appendix to this paper. This appendix
lists minimum reported ages, 87SrF6Sr initial values,
ar.d 206Pb[2MPb values for 88 occurrences of
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carbonatite, and 53 source ref'erences. Neodymium
isotopic data are not included because of the difftculty
in ascertaining, from many of the publications, the
normalization used for initial ratios and eN6.

If some carbon in carbonatites is non-juvenile, its
recycled nature should be shown by the 13Clr2C
isotopic ratio. This ratio, as expressed by 613C/oo
relative to PDB, ranges from -8 to -2 in carbonatites
(Deines 1989), from -2 to +4 in marine sedimentary
carbonates, and from -30 to -10 in organic (reduced)
carbon @aure 1986). SamFles of diamond generally
range from -8 to -2, but those in eclogite are from
-34 to +4 (Pearson et al. 1994); gaphite in peridotite
and eclogite ranges from -20.3 to -2.8 (Pearson et al.
1994), and SiC is -29 to -22 Q{athez et al. 1995).
CO2-rich fluid inclusions in olivine from mid-ocean
ridge and oceanic island basalts are -15 to -5 (Mattey
et al. 1994).

The observed range in 6l3C of carbonatites does not
overlap values of either marine carbonate or organic
carbon. Taken at face value. this would indicate that
recycled carbon does not contribute to carbonatites,
unless it is the appropriate mixture of marine carbonate
and organic carbon. Deines (1989, p.3n) has pointed
out tlat because carbon is a major element in
carbonatites but a trace element in the mantle, it must
be extracted from large source-volunes and thus
homogenized, converging on a relatively nanow ftlnge
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ftc. 1. Minimum reported initial 875r/865r yg1573 minimula initial 26PbP&1Pb for

carbonatites, compared with the mantle-source end-member components of Zindler
& Hart (1986) and Hart (1988). DMM: depleted MORB-source mantle, HIMU: high
U/Pb mantle, EMl: enriched mantle 1. EM2: enriched mantle 2. Bulk-earth evolution
curve of Kwon et al. (1989,Fi9. 14.8) is labeled in Ga. Numbers beside data points are
ages (Ma). Data for Figures 1 and 2 are in the Appendix.
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of 613C between those of sedimentary carbonate and
reduced carbon.

Fractionation data ue sparse at the pertinent
temperatures and pressures, but Matley et al. (1990)
have measured carbon isotope fractionation at 1200 to
1400'C and 5 to 30 kbar; for CO2 vapor equilibrated
with either silicate or carbonate liquid, the vapor has
the higher 613C by 2 to 2.4Voo, and this fractionation
appears to be independent of pressure and temperature
over the ranges investigated. Between immiscible
silicate and carbonate liquids, there is apparently no
fractionation of carbon isotopes. Other experiments at
mantle conditions are lacking, but fractionation factors
at 600'C (Faure 1986, p. 500) should provide maxi-
mum values for fractionation at higher temperatures.
CO2 vapor equilibrated with methane, diamond, and
calcite at 600oC has the higher (more positive) 613C
values by 9, 7, alLd 2.5Voo, respectively; graphite
equilibrated with calcite and with diamond has the
lower values by 5 and 0.5%o, respectively. These
estimates allow little change in 6l3C values by single-
$tage processes, but multiple steps in the progression
from subducted crust to solidified carbonatite may
account for the observed variations. 'Ihe 613C data thus
support trace-element enrichments in indicating a
multistage process to generate carbonatitic magma.

CansoNA.Tmc Macua as a
MsresoMAuznlc Acn,ru

Many ultramafic xenoliths from lithospheric mantle
show textures and mineral assemblages that indicate
modification of the original rock before the xenoliths
were entrained in the magma that brought them to the
surface. New minerals include clinopyroxene, spinel,
phlogopite, amphibole and, rately, apatite. Some of
these xenoliths are enriched in light rare-earth
elements, Ba, Rb, Sr, Pb, U, and Th, and are relatively
depleted in Ti, Nb, Ta, Zr, and Hf (Meen et al. 1989,
Dautiaet aI. I992,Ionov et aI. l993,Hutiet al. 1993,
Rudnick et al. L993). These changes are generally
attributed to interaction of lithospheric mantle with
a carbonatitic magma. Roden el aI. (1994) alo'd
Sweeney et al. (1995) summarized the criteria for
carbonate metasomatism of mantle sources. Silicale
liquids and hydrous or COlrich fluids are considered
less likely to produce the characteristic enrichments
and depletions because they cannot dissolve sufficient
amounts of the transported elements (Schneider &
Eggler 1986, Watson et al. 1990) and have too large
dihedral wetting angles to permeate ultramafic rock of
the mantle (Watson & Brenan 1987). Carbonate liquid,
on the otler hand, has liquid/mineral partition
coefftcients, solidus relations, and physical properties
that make it a likely agent of some mantle meta-
somatism (Green & Wallace 1988, Meen et al. 1989,
Watson et al. 1990, Grwn et al. 1992, Ryabchikov
et al. 1993, Baker & Wyllie I992,Sweeney et al. 1992,

1995, Brenan & Watson 1991, Minarik & Watson
1995).

On comparing normal lherzolite of the lithospheric
mantle with that moffied by carbonatite-induced
metasomatism, the latter has higher values for CalAl,
Na/Ca, CalSc, Ba/Rb, Ba./Nb, MlTa, SrlT4 LalTa, and
Sr/Sm" lower values for TilSr, Ti/Eu, atdZrlY (Green
et a\.1992, Rudnick et al. 1993, Sweeney et al. 1995),
and lower IIflSm @upuy et al. 1992). Whether LalNb
increases or decreases is uncertain (Ionov et al. 1993,
Rudnick er a/. 1993). Hauri et al. (1993) also described
metasomatized peridotite xenoliths from Samoa and
the Austral Islands in which Pb is more highly
radiogenic than Sr, and Sr more so than Nd. They
attribute the metasomatism to carbonate-rich melts
from recycled crust.

Pearson et al. (1994) have shown that gaphite in
xenoliths of peridotite, pyroxenite, and eclogite grew
within its P-T stability field (i.e., not metastably) and
below solidus conditions. The carbon has 613C values
that are the same as those of CO2 in fluid inclusions in
olivine phenocrysts in mid-ocean-ridge and oceanic-
island basalts, and therefore are deduced by Pearson
et al. to have come from below the lithosphere. These
graphite-bearing xenoliths are rare, and appear to be
derived only from lithosphere under Archean cratons.
Pearson et al. (1994) concluded that the samples of
graphite-bearing peridotite are not subducted oceanic
lithosphere (because they lack the trace-element
depletions expected in oceanic lithospheric mantle),
and that the carbon was not expelled from subducting
oceanic crust (because no carbon-bearing xenoliths
have been found that were derived from mantle wedges
overlying subduction zones). Mclnnes & Cameron
(1994), however, have described carbonate-bearing
ultramafic xenoliths from such a wedge, in Papua New
Guinea.

The flow of magma in lithospheric mantle is much
more likely to be controlled by fractures (Spera 1987,
Wilshire & Kirby 1989, Nielson & Wilshire 1993),
rather than by percolation through a porous medium,
except within a few tens of centimeters of fractures.
Metasomatism of the conduit walls protects later liquid
that flows t}rough the same fracture from reacting with
the wallrock, so that later fiquid can travel farther
before being stalled by reaction (Meen 1987).

The wide geographic dispersal of these xenoliths of
altered rock suggests that carbonate-rich liquid has
been more connnon in the upper mantle than the sparse
distribution of carbonatites in the upper crust would
suggest. According to the testimony of these samples,
carbonatitic magma, ascending through lithospheric
mantleo commonly is trapped in fractures before it can
invade oceanic or continental crust. These constitute
veined sources like those invoked by Foley (1992) to
yield ultrapotassic magmas. By analogy, carbonatitic
magma could be produced by melting of carbonate-rich
veins and their variably metasomatized wallrocks.
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Calronetrre M.qcuerrsvr Tln oucs
T[\e AND SpACE

Through geological time, the isotope ratios 87SrF6Sr
aad 2 FhPMPb in carbonatite become increasinelv
diverse and more radiogenic Gigs. 1, 2), as pointed 6ut
by Nelson et al. (1988), and Tilton & Bell (1994).
Carbonatites are enriched in Sr, Nd" and Pb relative to

crust (Table 1), and isotope ratios involving these
elements in carbonatites are therefore relatively
insensitive to crustal contamination; the isotopic ratios
must reflect those of mantle sources. The general
change through time in strontium, neodymium, and
lead isotopic ratios of carbonatites toward more
radiogenic values is well explained by storage of these
incompatible elements in the lithosphere (Meen 1987,

at

tr
!.
v)\o€
l(t)

F€

o.7a7

0.706

0.705

o.704

0.703

4.702

0.701
300  600 900  1200  1500  1800  2100  2400  270a

age, Ma

0 300 600 900 1200 1500 1800 21A0 24A0 27A0

age, Ma
FIc. 2. (a) Initial 8751165r versus age for 84 occurrences ofcarbonatites. Straight line is

bulk-earth evolution line from Bell & Blenkinsop (1989, Fig. 12.1). @)2t6PbPMPb
versus age for 33 occurrences of carbonatite.

21

20

1 9

18

1 7

,Dn
I
*
O.
I
GI

1 5

14

t 3

ag

E

E -  E  E
E  E o q F

E
E g

E

E #

E
E

4="s
E E qr

@

bEI
!!

E

.f
o

f
E



RECYCLED CARBON IN CARBONATITES 379

Wyllie er al. L990, Ringwood et al. 1992). T\e
divenity of ratios at a given age reflects varying
contributions from large volumes of source to small
volumes of magma.

Carbonatite magmatism has occurred repeatedly
over long time-spans in some regions. Examples
include eastem Canada at 1900, 1100, 66G-560, and
110 Ma (Bell & Blenkinsop 1989, Woolley 1989),
West Greenland at 2650, 1300-1100, 600, and
176-169 Ma (Larsen & Rex L992), East Africa at
1040, 75M80, 120-100, and 40-O Ma (van Straaten
1989), and southern Africa at 2047,1750,750, 500,
200, 140-100, and 85-63 Ma (Harmer 1985, Woolley
L989,Zregler 1992).

Some xenoliths of lithospheric mantle show the
effects of metasomatism that occuned long before
the xenoliths were entrained in the magma that carried
them to the surface (Green & Wallace 1988, Hauri
et al. 1993, Ionov e/ al. L993, Rudnick et al. 1993,
Smitl 1979. Thibault et al. 1992\. A few suites of
xenocrysts and ulframafic xenoliths have provided
documentation of multiple episodes in which carbon
was introduced. Richardson et al. (1993) have
identified three episodes of carbon influx and diamond
generation beneath the Premier mine; one was from a
strongly enriched harzburgitic source at 3200 Ma,
a second was from a mildly enriched lhemolitic source
ar 1,930 Ma and the third was from a strongly depleted
eclogitic source at 1150 Ma. Boyd et al. (1992) studied
samples of "coated'o diamond from Afric4 Siberia,
and Australia. The diamond coats are overgtowths
precipitated from fluid that was faidy homogeneous in
terms of carbon and nitrogen isotope ratios, and with
87SrF6Sr ratios of 0.7038 to 0.7052" similar to sources
of oceanic-island basalts. The core of these samples of
coated diamond is older (to an unknown degree) and
isotopically much more variable than the coats.
Rudnick et al. (1993) inferred, from a study of mantle
xenoliths from northern Tanz.ania, two episodes of
carbonate metasomatism, one with less Ca and
producing a different Nd isotopic ratio than the other.
The significance of such recurrences was anticipated
by Wyllie (1978, p. 442):"Re.peated magmatic activity
indicates that H2O and CO2 must be replenished, either
from deeper sorrces or by recycling via subducted
oceanic crust".

The recurrence of carbonatite magmatism in a
specific region may not be due solely to replenishment
of magma sources, however. Some carbonatite
intrusive bodies are localized within linear grabens
outboard of cratons, and especially at the intersections
of faults (e.9., Bailey 1993b, White et aI. 1995). T\is
distribution suggests that reactivation of fractures as
conduits, in addition to replenishment of sources, is a
cause of repeated and episodic emplacement of
carbonatite in the crust.

Mantle xenoliths with metasomatic effects atfibuted
to carbonatitic magma have been described from

oceanic islands (e.9., Havi et al. L993, Scbiano et aI.
L994), and carbonatites reported in oceanic crust are in
the Canary and Cape Verde Islands (Ir Bas 1984,
Davies & Mendes 1991, Kogarko 1993) and on
Trindade (Cornen et al. 1990). Furthermore,
carbonatite associated with deep-water marine
sediments occurs under the Semail ophiolite in the
United Arab Emirates (Woolley et al. L99l). T\ese
occurences suggest that carbonatites can occlu on
and within oceanic crust, but are usually buried or
destoyed by subduction.

An old view" that carbonatites and their associated
alkali-rich rocks are hallmarks of continental rifting, is
being replaced by awareness that these rocks are not
restricted to a single tectonic regime @arker 1969,
Woolley 1989, Bailey 1993b, Hall et al. 1995). T\ey
occur in oceanic and continental crust, and have
formed in compressional fold belts and stable
cratons as well as in regions of crustal extension. The
widespread occulrence of xenoliths of carbonate-
metasomatized lithospheric mantle suggests that,
pending availability of heat for melting and an easy
path to the surface, oocarbonate magmatism is waiting to
be unleashed" (Bailey 1993a).

Harrnqc rfi RJsB oF
Cennouermc Mecrua

In addition to the factors that can stop the rise of any
magma (heat loss, increase of solidus temperature with
decrease in pressure, decrease in density and increase
in shength of wallrock), carbonatitic magma can also
be halted by reaction with wallrock @alton & Wood
1993a) to form calcium and magnesium silicates plus
CO2 as a component of a fluid phase (Iable 4) and by
less-oxidizing conditions that reduce carbonate to

TABLE 4. SOMB PI.AI'SIBLS REACNONS
INVOLVING CARBOT.IAIES AND MANrI.E StrJCATBS
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elemental carbon (graphite or diamond) or to methane
(Blundy et al. 199L, Ballhaus 1993). Both of these
changes remove dissolved COI- from the magma,
causing crystallization. The capacity of peridotites and
pyroxenites to react with carbonatite magma is high;
"... complete carbonatization of peridotite requires
laddition ofl 7 to 20 percent COi' (Schneider & Eggler
1986, p. 713), so that tle buffering capacity of
peridotite for carbonation reactions may be only locally
reached.

Mantle redox reactions pertinent to carbonate
stabi[ty are discussed by Ballhaus (1993), Btundy
et al. (1991), Haggerty (1990), Kastr"g et al. (1993),
Luth (1993), Luth et al. (L993), and Dalton & Wood
(1995). In the upper lithospheric mantle, oxygen
fugacity is apparently controlled by Fez+ - Fe3*
reactions (Ballhaus 1993), but at greater depths,
reactions involving carbon probably become
important. These include the enstatite + magnesite +
olivine + graphite or diamond assemblage (Olafsson &
Eggler 1983), which in flO) - temperature space
extends from the quartz - fayalite - magnetite reaction
to below the magnetite - wiistite equilibrium. On the
other hand, according to Blundy et al. (L991), there is
probably sufficient carbon (60 ppm C) in the upper
mantle to control oxygen fugacity to within one log
unit of the quartz - fayalite - magnetite "buffer". Luth
(1993) concluded tlat the relative stabilities of
elemental carbon and carbonate or CO, are influenced
by varying assemblages of silicates; it is possible thar,
at tfie same pressure, temperature, and oxygen
fugacify, peridotites can contain carbonate plus
graphite or diamond, and eclogites can contain graphite
or diamond without carbonate.

There may be portions of the lithospheric manfle in
which oxygen fugacity is locally as low as the iron -
v/tistite buffer, at which CHr-HrO fluids would be
stable relative to CO, fluid or carbonate liquid flilatson
et al. 1990). Then, as recognized by Taylor & Green
(1988), decreased fugacity of oxygen would result iLn
increased temperature of the solidus and crystallization
or decomposition of carbonate liquid. The other
mechanism for halting the ascent of carbonate liquid,
by reaction witl silicates, seenx more likely than
reduction, because olivine and orthopyroxene, the two
most abundant phases in most lithospheric mantle, are
the dominant reactants in liberation of CO, from
carbonate liquids (Table 4).

CoNclustoNs

Carbonate-rich liquid should form at relatively low
temperatures by partial fusion of carbonate-bearing
mantle. If all the carbon in the mantle were juvenile,
it is likely that the rate of carbonatite magmatism
would have declined after peaking in the Archean. The
distribution of ages of carbonatite emplacement
(Woolley l989,Yerzer et al. 1992),however, shows no

clear evidence of a secular decline in the rate of
carbonatite magmatism. Unless the mantle ls fscaming
increasingly oxidized, so thatjuvenile reduced carbon
is being converted to carbonate, carbonatite
magmatism must be sustained by carbon recycled by
subduction.

The assumption that much of the carbon in
carbonatites is recycled, not juvenile, leads to
predictions that befter agree with observations
conceming the small volumes of individual bodies of
carbonatite, the persistence, recurrence and widespread
spatial distribution of carbonatite metasomatism in the
mantle and magmatism in the crust, and the tendency
for the sources of carbonatite magma to become more
diverse and more radiogenic tlrough time, through
long-term storage in varied, small, and dispersed
reservoirs. A single source of carbonatite magma
appea$ unlikely. The return migration of deeply
recycled carbon is probably slow, diffuse, and
intemrpted. Carbonatitic magmatism is like a poorly
managed industry, at the mercy of erratic supplies of
raw materials, inefficient processing, wasteful storage
ofthe inventory, and fitfrrl distribution ofthe finished
product.
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